INTRODUCTION
Colorectal cancer (CRC) is one of the most common causes of cancer-related deaths, leading to approximately 600000 deaths worldwide annually [1, 2] .
Current standard treatments for CRC include surgical resection, systematic chemotherapy, radiotherapy or a combination of these methods. Oxaliplatin (OXA), a third-generation platinum compound, is the first platinum-based compound to show efficacy in the treatment of CRC [3] . Despite this demonstrated efficacy, the advances in chemotherapy for CRC have been limited because of its resistance to OXA.
Therefore, revealing the underlying mechanism for the development of chemoresistance is necessary for developing effective chemotherapeutic agents. MicroRNAs (miRNAs) are a group of noncoding RNAs that have been highly conserved during evolution and have emerged recently as potent regulators of gene expression, cell proliferation, apoptosis and tumorigenesis [4, 5] . Our previous study demonstrated that miR-34a inhibits epithelial mesenchymal transition in human cholangiocarcinoma by targeting Smad4 through the transforming growth factor (TGF)-β/ Smad pathway [6] . Recent research has found that miR-34a is one of the well-characterized miRNAs and is consistently downregulated in various types of malignancies, including CRC [7] [8] [9] . More importantly, miR-34a has been reported to be involved in drug resistance and regulating chemosensitivity in CRC [10] . Macroautophagy is a catabolic degradation process that is required to maintain cellular homeostasis [11] . Some researchers have shown that macroautophagy is involved in the regulation of chemoresistance. He et al [12] found that miR-21 mediates sorafenib resistance of hepatocellular carcinoma cells via inhibition of macroautophagy through the PTEN/Akt pathway. Pan et al [13] have reported that miR-200b regulates macroautophagy associated with chemoresistance in human lung adenocarcinoma. Whether miR-34a is involved in mediating the chemoresistance of OXA by affecting macroautophagy activity remains unclear.
In the present study, we found that expression of miR-34a was significantly reduced while expression of TGF-β and Smad4 was increased in CRC patients treated with OXA-based chemotherapy. OXA treatment also decreased miR-34a levels and increased TGF-β and Smad4 levels in both parental cells and OXA-resistant CRC cells. Activation of macroautophagy contributed to OXA resistance in CRC cells. In addition, our data indicated that expression of Smad4 and miR-34a in CRC patients had a significant inverse correlation and overexpression of miR-34a inhibited macroautophagy activation by directly targeting Smad4 through the TGF-β/Smad4 pathway. We further demonstrated that OXA-induced downregulation of miR-34a increased drug resistance by activating macroautophagy in CRC cells. We identified a novel mechanism by which miR34a mediates OXA resistance of CRC by inhibiting autophagy via the TGF-β/Smad4 pathway.
MATERIALS AND METHODS

Samples and establishment of chemoresistant cells
We included 30 CRC patients (median age: 61 years, range: 48-75 years) who underwent potentially curative surgery between 2013 and 2015 at the Second Affiliated Hospital of Harbin Medical University (Harbin, China). CRC was verified by a pathologist and patients received OXA-based combination chemotherapy. Blood samples were taken after obtaining informed consent according to institutional guidelines and the study was approved by the Institutional Review Board of Harbin Medical University, Harbin, China. The protocols used in the study were approved by the Committee of Human Subjects Protection of our hospital.
To establish the chemoresistance model in vitro, the human CRC cell line HT29 obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China) was seeded in a six-well plate at 10 4 cells/well and 2 μmol/L OXA was added to the medium. The medium was changed after 48 h. The concentration of OXA was increased by 1 μmol/L for each subculture. After subculture and incubation with OXA solution was repeated 10 times, OXA-resistant cell lines were obtained, termed as HT29-OXA, and continuously maintained by culturing them in complete culture medium containing 2 μmol/L OXA [14, 15] .
Real-time polymerase chain reaction
Real-time polymerase chain reaction (RT-PCR) was used to confirm the expression levels of mRNAs and miRNAs as previously described [6] . For mRNA detection, total RNA from cultured cells and blood samples was extracted using TRIzol (Invitrogen, Carlsbad, CA, United States). Reverse transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, United States). Total miRNA from cultured cells and fresh surgical tissues was extracted using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, United States). cDNA was synthesized from 2 μg total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Expression of miRNA and mRNA was assessed with qRT-PCR using Power SYBR Green Master Mix in an Applied Biosystems 7500 Sequence Detection System. The expression level of mRNA and miRNA was defined based on the threshold cycle (Ct), and relative expression levels were calculated using the 2 −ΔΔCt method, with the expression level of β-actin mRNA and U6 small nuclear RNA as a reference gene. The names of the genes and the primers are listed in Supplementary Table 1 .
Western blotting
Protein lysates were separated using SDS-PAGE and transferred to nitrocellulose membranes (Amersham Pharmacia Biotech, Piscataway, NJ, United States). Membranes were probed with the appropriate primary antibodies (Supplementary Table 2 ). Alexa Fluor 680 donkey anti-mouse IgG (H + L) or Alexa Fluor 680 donkey anti-rabbit IgG (H + L) were used as secondary antibodies (1:5000; Invitrogen). Fluorophores were detected using the Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE, United States).
Transfection of oligonucleotides
Transfection of pre-miR-34a was conducted as previously described [6] . A synthetic miR-34a mimic (GenePharma, Shanghai, China) was used to increase miR-34a expression. A scrambled oligonucleotide (GenePharma) was used as a control. Transfection was performed using Lipofectamine 2000 transfection reagent (Invitrogen). A mixture of Lipofectamine 2000 and RNA was added to CRC cells, which were 70% confluent, for 4-6 h, and the cells were then incubated for 24 h in fresh medium. The cells were harvested using lysis buffer for luciferase assay. Total RNA and protein were prepared 48 h after transfection and used for qRT-PCR or western blot analysis.
Construction of promoter reporter plasmids and luciferase reporter assays
The luciferase reporter assay was conducted as described previously [6] . The fragment containing miR34a-binding sites in the Smad4 3'-untranslated region (UTR) was amplified by PCR and inserted downstream of the firefly luciferase gene in a pGL3-promoter vector (Promega, Madison, WI, United States). The mutant reporter plasmids were constructed using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA, United States). These constructed plasmids were all sequenced to confirm their orientation. Luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega) as described previously [16] . Promoter activities were expressed as the ratio between firefly luciferase and Renilla luciferase activities.
Cell proliferation analysis
The cells were seeded into a 96-well plate (3 × 10 3 / well) in triplicate and cultured overnight. The culture medium was replaced with fresh fetal-calf-serum-free medium containing vehicle or testing reagents for 24 h. Cell viability was measured with the Cell Counting Kit-8 (CCK-8) (Boster Bio, Wuhan, China). Untreated cells served as controls. Cell viability (%) was calculated according to the formula: experimental OD value/control OD value × 100%.
Evaluation of macroautophagy and apoptosis by flow cytometry
The evaluation of macroautophagy and apoptosis by flow cytometry was performed as previously described [17] . Apoptosis was examined using the Cell macroautophagy was detected by monodansylcadaverine (MDC; Sigma-Aldrich, St Louis, MO, United States) staining. Cells were washed with focused on identifying the changes in miR-34a and TGF-β/Smad4 pathway expression after OXA-based combination chemotherapy. miR-34a expression was significantly decreased while TGF-β and Smad4 mRNA expression was significantly increased in the blood samples of CRC patients after chemotherapy ( Figure  1A -C). Spearman correlation analysis was applied to compare the relative expression levels of Smad4 and miR-34a in CRC patients. We obtained a statistically significant inverse correlation (R = -0.283, P = 0.029) in 30 CRC patients ( Figure 1D ). These data suggest that downregulation of miR-34a and upregulation of TGF-β/Smad4 may be related to OXA-based combination chemotherapy.
OXA-resistant CRC cells are insensitive to OXA via inhibition of miR-34a and activation of the TGF-β /Smad4 pathway
To determine further whether miR-34a levels are correlated with chemotherapeutic response, the OXA-resistant cell line, HT29- 
Statistical analysis
All the presented data were expressed as the mean ± SD and representative results were from at least three independent experiments. Statistical comparisons were calculated by Student's two-tailed t test. When multiple comparisons were possible, ANOVA coupled with Tukey correction was used. Correlation analysis between relative expressions of Smad4 and miR-34a was examined by logistic regression analysis. P < 0.05 was considered statistically significant. Statistical analysis was carried out using SPSS version 21 (IBM Corporation, Armonk, NY, United States) or GraphPad Prism version 5.0 (La Jolla, CA, United States).
RESULTS
OXA treatment downregulates miR-34a and upregulates TGF-β /Smad4 in CRC patients
To investigate the underlying mechanism for the resistance of CRC patients to OXA treatment, we 
miR-34a directly regulates Smad4 expression and TGF-β inhibition in CRC cells
To investigate the underlying mechanism of miR-34a in CRC, targetscan (www.targetscan.org) and miRanda (www.microRNA.org) were used to search for potential targets of miR-34a. Consistent with our previous study [6] , the result showed that the 3'-UTR of Smad4 Figure 2 Oxaliplatin treatment inhibited miR-34a expression and activated the TGF-β/Smad4 pathway. A: HT29 and HT29-oxaliplatin (OXA) cells were incubated with serial concentrations of OXA for 48 h and cell viability (%) was measured by CCK-8 kit and normalized with the corresponding untreated cells; B: HT29 and HT29-OXA cells were incubated with OXA (10 μmol/L) for 48 h and expression of miR-34a was determined by qRT-PCR. U6 was used as an internal control; C: The above cells lysates were examined with indicated antibodies by western blotting. β-actin was used as loading control; D and E: The above cells were subjected to qRT-PCR to measure Smad4 and TGF-β mRNA expression levels. β-actin was used as the internal control ( a P < 0.05, e P < 0.001 indicates a significant difference vs normal control.
c P < 0.05, f P < 0.001 indicates a significant difference vs respective untreated cells). Figure 3A ). To verify that Smad4 is one of the direct targets of miR-34a in OXA-resistant and parental CRC cells, we constructed a reporter vector consisting of the luciferase coding sequence followed by the 3'-UTR of Smad4. A dual luciferase reporter assay was performed in HT29 and HT29-OXA cells. miR-34a significantly decreased the luciferase activity of the wild-type Smad4 3'-UTR compared with the vector-only control ( Figure 3B ). Additionally, partial mutation of the perfectly complementary sites in the 3'-UTR of Smad4 abolished the suppressive effect due to the disruption of the interaction between miR-34a and Smad4.
miR-34a mimics were transfected into HT29 and HT29-OXA cells to increase the endogenous level of miR-34a to investigate further the biological function of miR-34a in CRC cells ( Figure 3C ). Compared to the control groups, transfecting with miR-34a mimics downregulated Smad4 and TGF-β expression in HT29 and HT29-OXA cells ( Figure 3D ). These data suggest that Smad4 is a direct target of miR-34a and miR-34a mediated TGF-β/Smad4 pathway in CRC cell lines.
Activation of macroautophagy contributes to OXA resistance in CRC cells
Macroautophagy is a key regulator of resistance to OXA [18] . We investigated whether activation of qRT-PCR analysis of expression of miR-34a treated with miR-34a mimics in HT29 and HT29-OXA cells ( a P < 0.05). U6 was used as a loading control. Error bars represent mean ± SD from three independent experiments; C: 3'-UTR luciferase reporter assay showed a reduction of relative luciferase activity of wild-type Smad4 3'-UTR by pre-miR-34a in HT29 and HT29-OXA cells ( e P < 0.001); D: Western blotting of Smad4 and TGF-β expression in HT29 and HT29-OXA cells treated with miR-34a mimic. β-actin expression level was used as internal loading control. 
miR-34a affects OXA-induced macroautophagy in CRC cells via the TGF-β /Smad4 pathway
Since macroautophagy participates in OXA resistance in CRC cells [19] , we investigated the effects of miR34a on macroautophagy of CRC cells. miR-34a mimics inhibited macroautophagy in parental and OXAresistant cells, and fewer MDC-stained cells were observed in cells transfected with miR-34a mimics than in normal control cells. OXA treatment increased autophagy of parental and OXA-resistant cells, as shown by the presence of more MDC-stained cells. However, induction of macroautophagy was inhibited by treatment with miR-34a mimics in parental and 
Macroautophagy protection of CRC cells from OXAinduced apoptosis by inhibiting miR-34a through the TGF-β /Smad4 pathway
To determine the mechanism of macroautophagy in OXA-induced apoptosis in CRC cells, we exposed cells to OXA for 48 h with miR-34a mimics or 3-MA and assessed apoptotic rate. 3-MA attenuated the activation of macroautophagy and the anti-apoptotic capacity in HT29 and HT29-OXA cells treated with OXA, as shown by a higher apoptotic rate ( Figure   Figure 6 Activation of autophagy protected colorectal cancer cells against oxaliplatin-induced apoptosis by inhibiting miR-34a through the TGF-β/Smad4 pathway. A: HT29 and HT29-oxaliplatin (OXA) cells were transfected with miR-34a mimics and treated with OXA (10 μmol/L) and simultaneously mixed with or without 3-MA. After 48 h, the apoptosis rate was examined by flow cytometry; B: The above cell lysates were examined with the indicated antibodies by western blotting. β-actin was used as loading control. e P < 0.001 indicates a significant difference vs normal control; c P < 0.05 indicates a significant difference vs group treated with OXA. 
). In addition, lower expression of LC3-II, beclin 1, Bax, Smad4 and TGF-β and higher expression of Bcl-2 were found compared with the control group and the OXA treatment group ( Figure 6B) . Moreover, when treated with OXA, miR-34a mimics and 3-MA, more significantly inhibitory effects on autophagic activity and the anti-apoptotic rate in HT29 and HT29-OXA cells were achieved. These results indicated that the activation of macroautophagy may serve as a protective mechanism against OXA-induced apoptosis by inhibiting miR-34a through the TGF-β/Smad4 pathway in CRC cells.
DISCUSSION
In the present study, we investigated whether miR34a mediates OXA resistance of colorectal cancer cells by inhibiting macroautophagy via the TGF-β/ Smad4 pathway. We found that miR-34a levels were significantly decreased in CRC patients after systematic chemotherapy by OXA and in CRC cells treated with OXA. We further demonstrated that miR-34a downregulation increased macroautophagy activation by targeting Smad4. More important, macroautophagy inhibition abolished miR-34a downregulation-induced apoptosis. These data suggest that OXA-induced downregulation of miR-34a increases drug resistance by activating macroautophagy in CRC cells. The TGF-β/ Smad4 pathway plays an important role in regulating macroautophagy response [20] . Further investigation found that OXA treatment enhanced macroautophagy via inhibiting the expression of miR-34a and activating the TGF-β/Smad4 pathway, which at least partly enacted the protective role of macroautophagy on CRC cell apoptosis induced by OXA.
CRC is a major cause of cancer-related mortality worldwide and its incidence is increasing. Chemotherapy can be used in addition to surgery in certain cases as an adjuvant therapy. However, drug resistance represents a major obstacle for chemotherapy of CRC. OXA is a promising drug for the treatment of advanced CRC. Despite a rapid shrinkage in tumor mass following chemotherapy, the resistance of cancer cells to OXA frequently results in the subsequent recurrence and metastasis of cancer, and the exact mechanism for this effect is still not well understood. Therefore, there is an urgent need to investigate these adverse factors that might help us better understand the mechanism of drug resistance in CRC patients.
Macroautophagy is considered to play a dual role in the regulation of cell fate in the context of cancer treatment [21, 22] . Numerous studies have focused on the association between the cytoprotective effects of autophagy and the development of chemoresistance. Sustained drug exposure can induce an imbalance in apoptotic pathways and lead to resistance to apoptosis [23] . Modest macroautophagy is implicated in promoting chemoresistance of cancer cells and attenuating the efficacy of chemotherapy. Lv et al [24] have demonstrated that upregulation of CD44v6 contributes to acquired chemoresistance via the modulation of macroautophagy in CRC cells. Yang et al [14] have reported that macroautophagy contributes to the enrichment and survival of CRC stem cells under OXA treatment. These observations suggest that macroautophagy serves as a pro-survival mechanism that promotes chemoresistance, and selective inhibition of macroautophagy regulators has the potential to improve chemotherapeutic regimens. Here, we found that OXA treatment promoted macroautophagy activation in CRC cells, which protected the cells from OXA-induced apoptosis. miRNAs are frequently dysregulated in chemoresistant cancers, and they have been shown to target macroautophagy-related genes or modulators [12, 13] . It has been well established that miR-34a is an important anti-oncogene by regulation of different downstream targets in various types of cancer [25] . miR-34a has also been identified as one of the molecular species associated with drug resistance in CRC [10] . Here, we reported that miR-34a levels were significantly decreased in CRC patients after systematic chemotherapy by OXA and in CRC cells treated with OXA. Expression of miR-34a was downregulated in OXA-resistant cells. Forced expression of miR-34a promoted OXA-induced apoptosis in parental and OXAresistant cells.
Among the miR-34a targets, Smad4 is a key regulator of the TGF-β/Smad pathway, which is well characterized as a positive mediator of macroautophagy [6] . Based on our previous study, here we found that mRNA expression of TGF-β and Smad4 was upregulated in CRC patients after OXA chemotherapy. Moreover, expression levels of miR-34a and Smad4 were inversely correlated in human blood samples from CRC patients. Our results showed forced upregulation of miR-34a significantly inhibited protein expression of Smad4 and TGF-β. Contrasting results were observed when the CRC cells were treated with OXA. We have also applied bioinformatic methods to demonstrate that Smad4 is a potential target of miR34a [6] . Our data reveal that miR-34a directly targets the 3'-UTR of Smad4 and that ectopic expression of miR-34a represses Smad4 and TGF-β protein levels in parental and OXA-resistant CRC cells. Our results demonstrate that the TGF-β/Smad4 pathway at least partly is involved in regulating miR-34a-inhibited macroautophagy and contributes to OXA resistance in CRC.
Our data demonstrate that transfection of miR34a mimics enhances the therapeutic effect of OXA by inhibition of cell macroautophagy and improves the efficacy of OXA against OXA-resistant CRC cells. The macroautophagy inhibitor, 3-MA, enhances the proapoptotic effect in cells treated with OXA or exogenous miR-34a. These data suggest that activation of macroautophagy protects CRC cells from OXA-induced apoptosis by inhibiting miR-34a expression.
In summary, the results of this study demonstrate a significant association between miR-34a expression and the acquired chemoresistance of OXA in CRC. The miR-34a-mediated OXA resistance occurs through its inhibitory effects on macroautophagy via regulation of the TGF-β/Smad4 pathway. Our findings suggest that miR-34a could be a potentially therapeutic target for improving the chemotherapeutic effect of OXA in CRC.
COMMENTS
Background
Colorectal cancer (CRC) is one of the most common cancers worldwide. Oxaliplatin (OXA)-based systemic chemotherapy combined with surgical resection plays an important role in the treatment of CRC. However, chemoresistance to OXA is a major limitation in the clinic, and the underlying mechanism is not clear.
Research frontiers
miRNAs have been conserved during evolution and have emerged recently as potent regulators of gene expression, cell proliferation, apoptosis and tumorigenesis. The authors, in a previous study, have demonstrated that miRNA (miR)-34a inhibits epithelial mesenchymal transition in human cholangiocarcinoma by targeting Smad4 through the transforming growth factor (TGF)-β/Smad pathway. More importantly, miR-34a is involved in drug resistance and regulating chemosensitivity in CRC. Some researchers have shown that autophagy is involved in the regulation of chemoresistance. However, whether miR-34a is involved in mediating the chemoresistance of OXA by affecting autophagic activity remained unclear.
Innovations and breakthroughs
This study found that expression of miR-34a was significantly reduced while expression of TGF-β and Smad4 was increased in CRC patients treated with OXA-based chemotherapy. OXA treatment also decreased miR-34a and increased TGF-β and Smad4 levels in parental cells and OXA-resistant CRC cells. Activation of autophagy contributed to OXA resistance in CRC cells. In addition, the data in this study indicated that the relative expression levels of Smad4 and miR-34a in CRC patients had a significant inverse correlation, and overexpression of miR-34a inhibited autophagy activation by directly targeting Smad4 through the TGF-β/Smad4 pathway. The authors further demonstrated that OXA-induced downregulation of miR-34a increased drug resistance by activating autophagy in CRC cells. Moreover, they identified that miR34a mediated TGF-β/Smad4 pathway induced macroautophagy, which may represent a novel mechanism regulating chemoresistance in CRC.
Applications
The findings in this study suggest that miR-34a could be a potentially therapeutic target for improving the chemotherapeutic effect of OXA in CRC.
Terminology
OXA is a third-generation platinum compound, and is the first platinum-based compound to show efficacy in the treatment of CRC. miRNAs are a group of noncoding RNAs that have been highly conserved during evolution and have emerged recently as potent regulators of gene expression, cell proliferation, apoptosis and tumorigenesis. Macroautophagy is a catabolic degradation process that is required to maintain cellular homeostasis.
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In the original article of Sun et al the authors demonstrated that a significant association exists between miR-34a expression and the acquired chemoresistance of OXA in CRC. The miR-34a mediated OXA resistance was found to be mediated by the inhibitory effects of miR34a on autophagy by regulating the TGF-β/Smad4 pathway. Their findings suggest that miR-34a could be a potentially therapeutic target for improving the OXA-based chemotherapeutic effect in CRC. The study is well designed, and moderately presented.
